Increasing experimental evidence suggests that cell transplantation can enhance recovery from stroke in animal models of focal cerebral ischemia. Clinical trials have been investigating the effects of a human immortalized neuronal cell line and porcine fetal neurons in stroke victims with persistent and stable deficits. Preclinical studies are focusing on the effects of human stem cells from various sources including brain, bone marrow, umbilical cord, and adipose tissue. This review presents an overview of preclinical and clinical studies on cell therapy for stroke. We emphasize the current, limited knowledge about the biology of implant sources and discuss special conditions in stroke that will impact the potential success of neurotransplantation in clinical trials.
INTRODUCTION
Recent advances in thrombolysis and emerging successes in neuroprotective strategies have propelled acute stroke management into a therapeutic era. Once the damage from a stroke has maximized, however, little can be done to recover premorbid function. Despite immediate medical attention, many patients still have persistent deficits. Several novel "neurorestorative" approaches are being investigated as adjunctive treatments to physiotherapy. Experimental animal data supports the safety and effectiveness of cell transplantation to enhance neurological recovery from stroke. A variety of cells as implant sources have been investigated, including stem cells, immortalized cell lines, marrow and adipose stromal cells, and porcine fetal cells. Buoyed by the success of animal data, clinical trials have already commenced. This review discusses the initial clinical trials on cell therapy for stroke and their experimental animal basis. We review cell therapies in preclinical phases and point out practical and theoretical issues unique to cell transplantation for stroke.
SPECIAL CONDITIONS IN NEUROTRANSPLANTATION FOR STROKE
Compared with neurodegenerative disease, stroke poses special conditions that impact the potential success of transplantation to enhance neurological recovery, including the anatomy and time of the stroke, the vascular supply, site of implantation, and type of patients enrolled in clinical trials.
Anatomy
In contrast to a neurodegenerative disorder such as Parkinson's disease, which destroys a relatively homogenous population of neurons, strokes affect multiple different neuronal phenotypes. For example, an infarct might involve the thalamus, hippocampus, and striate visual cortex, affecting three or more very different neuronal populations. Specific types of cells with restricted fates may limit their use as potential sources for implantation in stroke. Moreover, neurons are not the only cell type damaged. Oligodendrocytes, astrocytes, and endothelial cells are also affected. Reconstitution of the complex and widespread neuronal-glial-endothelial interrelationships may require access to a broader array of lineage species than more committed phenotypes. Cells for transplant may need to initially remain immature and phenotypically plastic to differentiate into appropriate neural, glial, and endothelial cell types depending on the ectopic site. Strokes also affect the white matter in addition to gray matter. If white matter is destroyed in a stroke, cell implants may not produce functional connections with axons that can penetrate through the scar tissue of a chronic infarct.
Stroke can disrupt various neuroanatomical pathways including motor, sensory, cerebellar, and visual tracts as well as the networks for attention, language, and praxis. The clinical features of stroke are, therefore, variable, whereas many of the neurodegenerative conditions cause well defined collections of impairments.
Which stroke lesions are amenable to cell transplantation? Most preclinical ischemia studies involve intrastrial implantation. Studies of the middle cerebral artery (MCA) rodent model have shown that the striatum is the primary site of damage, and many believe that the resulting deficits in memory, leaning, and motor behavior are directly associated with striatal injury. The striatum and the rest of the basal ganglia are anatomically well defined and stereotactically accessible by following a trajectory under the sylvian fissure. Cortical lesions also may be accessible to transplantation, but infarcts involving the white matter are more problematic. A proliferation of transplanted cells in the cortex may not repair underlying axonal damage. There is even less rationale for neural transplants in patients with pure white matter infarcts, which require an entirely different therapeutic strategy.
Finally, the size and extent of infarction involving major arterial territories will play a significant role in patient selection. Ideally, a limited number of cells will reasonably cover the involved area. In patients with widespread damage, however, the number of cells potentially needed to restore function may be daunting.
Timing
The appropriate time to transplant after a stroke is unknown. In the acute setting, release of excitotoxic neurotransmitters, free radicals, and proinflammatory mediators might threaten new tissue introduced into the peri-infarct region.
1 Ischemic injury may also be an ongoing process. Cells may be dying by apoptosis in the penumbra for several weeks after stroke. 2 Furthermore, inflammation leading to microglial activation may inhibit endogenous neurogenesis and may thereby suppress the growth and survival of transplanted cells. 3, 4 On the other hand, it may be better to take advantage of local repair processes, including the release of neurotrophic factors from the intrinsic milieu and the host environment during the early recovery phase to facilitate implant growth, survival, differentiation, and/or integration. The ischemic environment also promotes the generation of new neurons in periventricular regions and in the cerebral cortex. 5, 6 How transplantation will affect on-going endogenous neurogenesis is unknown. Delaying transplantation for weeks, however, poses the disadvantage of allowing the formation of scar tissue, which might adversely affect implanted cells.
The choice of timing must also consider the natural course of recovery from stroke. Neurodegenerative disorders are inexorably progressive and clinicians know patients will worsen over time. However, much less is known about stroke outcome, which can be quite variable. Impairments have different courses of improvement, depending on the type and severity. 7 In addition, individual brains are very differently wired. For example, some patients who become aphasic after a left caudate infarct regain some language function by using their intact cerebral hemisphere, although others do not. Many neurologists would, therefore, delay transplantation until deficits have plateaued. On the other hand, there is accumulating evidence that stroke recovery involves plasticity of connections, which occur early after a stroke but may disappear months or years later. Transplantation might benefit from such plasticity and become maximally beneficial during this reorganization.
For these reasons and many others, some investigators have preferred to transplant at least a few months after a stroke. Indeed, the two clinical trials have chosen to study disabled patients at least 6 months after a stroke. Unfortunately, there are no corroborating animal models of chronic stroke to investigate transplantation several months after focal ischemia. Few outcome measures exist for animals with chronic stroke infarcts. Furthermore, functional recovery in animals cannot be easily equated across studies or related to humans.
Vasculature
Transplantation is unlikely to succeed if there is a severe arterial occlusion without collateral circulation; inadequate blood supply would not support graft survival. In the acute and subacute stages of stroke, inflammatory cells travel from the vasculature into the ischemic region. Inflammation may therefore hinder implants from taking hold in infarcted areas. In contrast, transplantation efforts in progressive degenerative disorders are not necessarily concerned with arterial patency and inflammation. In the acute setting, it may be more appropriate to inject cells in the salvageable penumbra but grafts might still be exposed to the detrimental effects of spreading depression and excitatory neurotransmitters. Differences in graft behavior, depending on the injection site, were noted in a prior study. 9 Fetal cortical grafts to the ischemic rat brain have been shown to survive in the penumbra but not in the core lesion. However, in chronic infarcts, glial scarring might impede the delivery of cells to the penumbral areas.
Site of implant
Some posit that grafts could be more effective if the poorly vascularized, inflammatory environment of the ischemic region is avoided altogether and suggest the plausibility of transplantation to distant regions, even to the contralateral side. 10 For some types of transplanted cells, there may be limited regions in the ischemic brain to support their growth. Conversely, certain areas of the brain may allow some types of grafts, particularly the more multipotential and proliferative types, to grow unchecked and form tumors in contrast to regions that promote implant differentiation.
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Patients
The selection of stroke patients for transplantation trials depends upon a number of factors. They should have measurable deficits, impairments, and handicaps. The neuroanatomical relationship between image-defined infarct and deficits should be well established. Basal ganglia strokes, for example, typically cause a hemiparesis that is easily quantifiable on neurological exam. The deficit should be sufficiently disabling to warrant this procedure but not so severe that some dramatic effect would be necessary to produce measurable improvement. Practical issues, for example, comorbidities and the need for extensive follow-up, also play a strong role in determining which patients are good candidates for experimental therapies.
CELL TYPES FOR STROKE NEUROTRANSPLANTATION
A range of different cell types are under investigation (Table 1 ). Stem cells have been drawn from embryonic, bone marrow, and umbilical cord sources and share the advantage of being proliferative and phenotypically plastic; however, expansion in vitro to the extent needed for transplantation may be a difficult obstacle. In vitro expanded neural stem cells (NSCs) lose the capacity to differentiate. Xenotransplantation with porcine fetal cells is an alternative source, but immunosuppression and infection with endogenous pig retroviruses are potential concerns. Finally, immortalized cell lines from human tissue promises an unlimited supply and obviates the ethical concerns with stem cells. The NTera2 (NT2) cell line is the most extensively investigated in stroke transplantation. We discuss cell therapies that have advanced to clinical trials on stroke recovery, along with their animal experimental basis, and we review progress on different cell types in preclinical stages.
CLINICAL TRIALS
Initial clinical trials have exclusively enrolled patients with chronic basal ganglia infarcts who have stable and persistent deficits at least 6 months after stroke. These patients had no improvement in the months before inclusion. Two trials began in the late 1990s, one of which is on-going, the other of which was prematurely terminated. Several new trials are about to be launched.
NT2 neuron cell trials
Background. Because the widespread use of human fetal tissue is limited by logistical and ethical barriers, several laboratories have pursued efforts to develop alternative sources of tissue for transplantation. One alternative source is the immortalized cell line NT2. NT2 cells were derived from a human testicular germ cell tumor more than 20 years ago. 12 Unlike other teratocarcinoma cell lines, the NT2 cells show an exclusive commitment to a neural lineage when exposed to retinoic acid (RA). Several studies have shown that NT2 cells resemble neural stem cells. They express cell surface markers and cytoskeletal proteins unique to neural stem cells. Exposure to RA induces the sequential expression of neural proteins in subsequent dividing progeny, recapitulating the maturational events during neurogenesis in vivo. NT2-treated cells also yield a complement of daughter cells that retain the original phenotype. 13 Treatment with RA and mitotic inhibitors for several weeks ultimately results in the production of postmitotic, neuron-like cells (NT2N), 13, 14 which express neurotransmitters, 15 functional glutamate receptors, 16 calcium channels, 17 mature neurofilament and cytoskeletal proteins, 18 and other proteins indicative of secretory activity and synaptogenesis. 14, 19 They fail to acquire a fully mature phenotype in culture and terminally differentiate only when transplanted to the animal brain. 20 Grafted NT2N cells to the brains of adult nude mice show evidence for terminal differentiation by 6-8 weeks and elaborate processes within 3 weeks. The cells survive up to 14 months without reverting to a neoplastic state, 20 a significant concern given that these cells derive from a cancer cell line. Transplanted cells also release neurotransmitters and elaborate typical neuronal proteins.
Preclinical model. Demonstrating the survival and partial integration of grafted NT2N cells to the adult brain has led to several studies on the efficacy of transplants in rodent models of focal cerebral ischemia. Intrastriatal transplantation of NT2N cells at 1 month after MCA occlusion followed by immunosuppression with cyclosporin led to significant improvement in the passive avoidance test (a test of learning behavior retention time) and the elevated body swing test compared with ischemic animals that received rat fetal cerebellar grafts, growth medium alone, or cyclosporin alone.
21 NT2N implants stained for human neuronal markers in the host striatum. As expected, grafts did not survive in nonimmunosuppressed animals. Although the authors speculated that NT2N cells might perform the functions of lost striatal cells, no studies have addressed the phenotype of NT2N implants in the transplanted ischemic brain, nor has it been shown whether they extend processes and integrate into the host brain. Aside from striatal injuries, the effects of NT2N cells in other ischemic infarcts remain to be determined.
The ready, constant availability of cryopreserved, pure neurons has made the NT2N cells an attractive implant source. Purifying neuronal NT2N cultures, however, may also limit their clinical utility. Glia are likely to be necessary for reconstruction of the infarcted cytoarchitecture and oligodendrocytes will be needed to myelinate newly formed axonal connections. Neuronal graft survival may depend on glial support. It has been shown, for example, that coculture of NT2N cells with astrocytes substantially prolongs survival and enhances maturation and synaptogenesis in vitro compared with NTN2 cultures alone. 19, 22 Phase 1. Five years ago, a clinical trial began to assess the safety of intrastriatal NT2N (produced by Layton Bioscience, Inc. and known as LBS neurons for human use) transplantation in patients with basal ganglia infarcts and stable motor deficits 6 months to 6 years before implantation. Twelve patients were treated with NT2N cell transplants and immunosuppressed using cyclosporin for 9 weeks. Based on preclinical safety data, doses of 2 and 6 million cells were considered appropriate. Four years after the study began, there have been no adverse events related to the implants. Subsequent medical problems since transplantation have been attributed to cardiovascular risk factors and advancing age. Two patients died of unrelated medical illnesses. On autopsy examination of one of these patients, who did not show clinical improvement and died of myocardial infarction, the graft site showed no signs of inflammation, neoplasia, or infectious disease 27 months after implantation. Because NT2N cells are polypoid for chromosome 21, grafted neurons were identified at the injection site with fluorescent in situ hybridization and DNA probes specific to this distinctive chromosomal feature. 23 The detection of NT2N DNA supports the contention that grafts can survive in the human brain 27 months after implantation. Positron emission tomography scanning at 6 months showed greater than 15% relative uptake of F-18 fluorodeoxyglucose at the transplant site in six patients. This may reflect surviving and functioning implanted cells, enhanced host cell activity, or an inflammatory response.
Phase 2.
A randomized, open-label trial with observerblinded neurological evaluations was undertaken to test the effectiveness of neuronal cell transplantation in patients with substantial functional motor deficits following basal ganglia infarction. Fourteen patients were randomized to receive 5 or 10 million implanted cells followed by rehabilitation, compared with 4 patients who only underwent physiotherapy. Patients had stable motor deficits 1-6 years after the onset of stroke. Half the patients had an ischemic stroke, whereas the other half had a hemorrhage. The authors tested the hypothesis that implantation of neuronal cells would be safe, feasible, and improve motor neurologic deficits. One patient had a single seizure and another had a subdural hematoma evacuated 1 month after transplantation without new neurological deficits. There were no cell-associated adverse events.
Functional outcomes were assessed by the National Institutes of Health Stroke Scale, European Stroke Scale score, Stroke Impact Scale, Fugel-Meyer score, and Action Research Arm testing. Comprehensive cognitive testing was performed before treatment and after 6 months. Transplant patients showed a trend toward improvement in functional outcomes on several scales compared with baseline measurements before transplantation, but there were no statistically significant trends compared with the four controls. The changes were more prominent in the patients receiving 5 million cells compared with those transplanted with 10 million cells; however, with such small groups of patients, the significance of this finding is unclear. Several of the transplanted patients with non-dominant hemisphere strokes showed improvement on tests of memory, recall, and visuospacial/constructional ability on repeat testing 6 months after transplantation. The control patients did not show such changes.
Future trials. A third clinical trial will evaluate cell implantation for patients with stable cortical strokes.
Diacrin trial
Preclinical model. Given the limited availability of human tissue, some investigators have turned to fetal xenotransplants, specifically from pigs, which are considered relatively safe as a donor cell source. Transplantation of fetal cells from the porcine, primordial striatum, also called the lateral ganglionic eminence (LGE) was first shown to promote graft integration and to improve deficits in an animal model of Huntington's disease. 24, 25 LGE cells transplanted to the ischemic striatum 3, 7, 14, or 28 days after MCA occlusion lead to implant survival and the formation of solid grafts within the infarct cavity. Grafts differentiated into glia and neurons, some of which expressed markers for GABA and a striatal phenotype. Some porcine neurons elaborated extensive processes to host structures. There was evidence for synaptogenesis both within the graft and within the host. Animals transplanted 14 days after stroke showed statistically significant functional improvement compared with controls 4 weeks after implantation. However, no statistical differences were found at later time points. 26 Despite in vivo evidence supporting the safety and viability of LGE transplants, several issues about the biology of these cells remained unresolved.
LGE neurons are presumed to be undifferentiated striatal precursor cells, but no studies have investigated the extent of their development nor their potential for proliferation or differentiation. Do they differentiate into the phenotype of the ectopic site or are they committed to becoming mature striatal neurons? Studies suggest that LGE cells differentiate into striatal neurons after injection into the striatum, hippocampus, or spinal cord. 27 Therefore, LGE cells at the time of donor harvest may be appropriate only for strokes involving the striatum. There have been other concerns for pig-to-human transmission of porcine endogenous retrovirus (PERV) but no studies have found evidence for PERV in patients with neurodegenerative disease who received LGE implants.
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Phase 1. A pilot safety and feasibility study was started in 1998. The original goal was to enroll 12 patients with chronic, stable, moderate-sized basal ganglia infarcts who would receive intrastriatal implantation of LGE cells. Fetal cell suspensions were prepared from dissection of the LGE of porcine embryonic tissue and pretreated in culture with an anti-major histocompatibility complex class I antibody, thus obviating the need for immunosuppression after transplantation. Five patients underwent transplantation. Their strokes occurred on average 5 years before transplantation. All patients were discharged from the hospital on the morning after surgery. Computed tomography at the completion of surgery showed no evidence of hemorrhage in any patient. The patients developed no new neurological deficits in the acute setting. However, one patient developed a cortical vein occlusion thought to be related to the surgery, not to the transplanted cells. Although the patient did not sustain any permanent damage, the study was terminated indefinitely by the Food and Drug Administration. At 2 years, none of the patients showed improvement on the modified Rankin scale. Together, the clinical trials on NT2 and LGE cells suggest that transplantation is feasible but does pose risks of seizure, subdural hematoma, and venous occlusion. It remains unclear whether implanted cells lead to any sustained long-term benefits. We await further studies to provide more definitive answers.
PRECLINICAL AND PLANNED STUDIES
In contrast to the clinical trials that are testing the biological and physiological effects of differentiated cells, most of the preclinical studies on stroke transplantation are using human, multipotential stem cells derived from the bone marrow, umbilical cord blood, or adipose tissue.
Bone marrow stromal cells
Unlike hematopoietic stem cells, bone marrow stromal cells (BMSCs) can generate a variety of tissues, including bone, cartilage, adipose, muscle, hepatocytes, glia, and neurons. 29 -31 When exposed to selective growth factors, human BMSCs differentiate into cells expressing markers of neural progenitors. 29 Chopp and colleagues have published a series of reports that BMSCs can ameliorate recovery after focal cerebral ischemia in rats. Direct intrastriatal, intracarotid, and intravenous delivery of BMSCs lead to migration of cells to ischemic infarcts, survival and differentiation into neuronal and glial cell types, and functional improvement. [32] [33] [34] Among 2 million BMSCs injected into the carotid artery, only 0.02% stained for neural markers in the ischemic hemisphere. The mechanisms of recovery are more likely due to the release of trophic factors, 35 possibly promoting endogenous repair mechanisms, reducing cell death, and stimulating neurogenesis and angiogenesis 36, 37 rather than neuronal differentiation and implant integration to the injured ischemic site.
The success of preclinical animal data has set the stage for a limited, early-phase clinical trial using autologous BMSCs for intravenous administration to patients with stroke. Such a study would be the first step in establishing feasibility and safety of intravenous bone marrow/ mesenchymal cell transfusion for acute stroke (S. Cramer, personal communication).
There are many open-ended questions about the safety of bone marrow cells in the brain. If the transplanted cells promote recovery through the supply of trophic factors, then what ultimately happens to these cells in the brain? Do they remain in the ischemic region? Do they survive over the long term? If the cells persist, do they differentiate into different mature cell types, do they become extraneous, inert tissue versus active tumors? Long-term follow-up studies are needed to address these questions. Another issue is that only a percentage of transplanted cells administered intravenously migrate to the ischemic area. The rest spread to other areas of the brain and to other organs, where they could potentially change organ physiology and promote the formation of ectopic tumors. Homing of bone marrow stem cells to sites of organ injury, including the ischemic brain, is believed to occur through a complex multistep process. Chemotactic factors are likely responsible for attracting transplanted cells to the ischemic regions of the brain, 38 but other routes of administration, such as an intracarotid approach, may be necessary to minimize spread to other tissues.
Human umbilical cord stem cells
The umbilical cord is another source of multipotential stem cells that, when exposed to selective growth factors, create progeny that stain for neuronal and glial cell markers. 39 Even less is understood about the biology of human umbilical cord blood cells (HUCBCs). Nevertheless, a study has already shown that intravenous infusion of these undifferentiated cells to rats 24 h after MCA occlusion improved behavioral recovery 14 days after implantation compared with control animals subjected to focal ischemia alone or focal ischemia with saline injection. 40 Approximately 1% of these cells survived and migrated to the ischemic hemisphere, where an estimated 2% expressed neuronal markers. As expected, intravenously administered HUCBCs also spread to various other organs. A head-to-head trial comparing intravenous versus intrastriatal injection of HUCBCs 24 h after MCA occlusion showed similar degrees of improvement with one functional test favoring the intravenous transplants at 2 months after transplant; however, transplanted HUCBCs could not be detected in the host brain of rats that received cyclosporine, a troubling result that has not adequately been explained. 41 Similar to BMSCs, the functional effects of HUCBCs in the ischemic brain observed within such a short period of time likely result from release of trophic factors.
Human adipose stromal cells
Recent studies also suggest that adipose tissue contains pluripotent stromal cells. Primary cultures of adipose tissue are a heterogenous collection of hematopoietic cells, pericytes, endothelial cells, and smooth muscle cells. Several passages in cultures yields stromal cells that exhibit cell-surface markers consistent with mesenchymal stem cells 42, 43 ; they express nestin, suggesting the potential for differentiation into neural lineage species, but do not express markers for hematopoietic stem cells or macrophages. 43 Stromal cells cultured from human liposuction adipose tissue can be directed toward neural differentiation with 5-azacytidine/NGF/BDNF/ bFGF and the resulting progeny express MAP2 and GFAP. 43 The ability to direct stromal cells from adipose tissue along neural lineages suggests that they may have potential therapeutic applications for neuronal disorders.
Adipose tissue is therefore being investigated as a potential autoplastic therapy for stroke. Injection of human adipose tissue stromal cells into the lateral ventricle of healthy rats results in migration to multiple areas of the brain, including the contralateral cortex, and the cells persist at their destination at 30 days after implantation. Injection to the lateral ventricle 1 day after MCA occlusion led to migration into the ischemic area where implanted cells were visualized at the border between intact and injured brain, but cells also traveled far distances including the contralateral cortex. At 7 days after stroke, transplanted rats had significantly better recovery in motor and somatosensory behavior compared with animals that only received saline. There were no differences in infarct size between the two groups. 43 The long-term behavior and effects of these cells in the brain are unknown, but the temporal course of benefit strongly argues against engraftment and integration into the host structure and continues to support current hypotheses that transplanted stem cells after stroke provide trophic support.
Human neural stem cells
Neural cells with stem cell properties have been isolated from the embryonic, neonatal, and adult rodent brain and propagated in culture by growth factors, mitogens, and immortalizing genes. Several laboratories have also prepared stem cell lines from primary dissociated cell cultures of embryonic human CNS. Their effects on the ischemic adult animal brain have not been studied to the same extent as stem cells from other tissues. One of these cell lines, retrovirally transduced with the v-myc oncogene, has been studied in a rat model of intraparenchymal hemorrhage. Intravenous administration 24 h after the induction of intracranial hemorrhage led to improved motor performance 2 weeks later. Transplanted cells had also been infected with a retroviral vector containing lac z to permit detection in vivo and were found in both the perihematomal region and the contralateral hemisphere, some of which stained for glial and neuronal markers. 44 Although there may have been a benefit observed from transplantation, the biological behavior of these cells in the hemorrhagic brain requires additional extensive investigation. It is also important to keep in mind that this hemorrhage model is an entirely different pathology than ischemic stroke, fraying axonal connections but not destroying neuronal cell bodies.
In a neonatal hypoxic-ischemic model, an immortalized, neural stem cell line derived from the murine cerebellar external granular layer was transplanted into injured rat brains and cells were detected up to 22 months after engraftment. Initial results showed that 5% of engrafted NSCs in the injured hemisphere differentiated into neurons, whereas there were no new neurons in the contralateral, intact hemisphere. 45 Using an immortalized stem cell line from the hippocampal proliferative zone of the transgenic mouse (MHP36 cells), investigators at ReNeuron have shown that transplanted cells reduced infarct volumes and improved sensorimotor recovery but not spatial learning or memory over the 18 weeks that followed MCA occlusion. Cells were injected into the intact somatosensory cortex and striatum, contralateral to the infarct cavity and an estimated 30% of the transplanted cells migrated to the lesioned cortex and striatum. 10 The plasticity of this cell line remains unclear but it has been shown that MHP36 cells in this model showed diverse phenotypes of different neuron and glia-like morphologies. 10 Current efforts in several laboratories and companies are now directed at studying a range of human, genetically engineered neural stem cell lines in animal models of stroke.
FUTURE OF STROKE NEUROTRANSPLANTATION
Future work in the field of stroke neurotransplantation needs to focus on several issues. Among them, we discuss five concerns related to stroke. First, what is the intended strategy for implantation? In neurodegenerative disease such as Parkinson's disease, the goal is to reconstitute a dopaminergic neural network. In animal models of stroke, transplanted cells may play more a role as neurotrophin "pumps" rather than as grafted tissue restoring segmental connections. The mechanism of recovery might impact the choice of cells to implant. If a trophic response is desired, then a cell line genetically engineered to supply trophic support may be a better choice. If reconstitution of a neural network is desired, then access to a broader array of lineage species may be necessary to reconstruct the complex and widespread neuronal, glial, and endothelial damage in stroke. This point leads to our second concern; it is crucial to better understand the basic biological mechanisms of individual cell types as implant sources for transplantation in stroke patients. Such properties that need further clarification are proliferation, differentiation, potential lineage restrictions, and extent of integration into host structures Our third concern is safety. Long-term studies on the biological behavior of cell grafts are mandatory to better understand the effects and safety of cell transplantation in the infarcted brain. Parallel studies in the heart have demonstrated that stem cell-derived cardiomyocytes show spontaneous activity and easily inducible triggered arrhythmias. 46 Thus, transplanted cells to the heart could be arrythmogenic. Similarly, transplanted stem cells in the brain ultimately may prove to be epileptogenic. Furthermore, there remains virtually no information regarding the long-term effects on organ physiology and tumor formation from parenteral delivery of transplanted cells. Methods may need to be developed to target the ischemic brain while minimizing spread to other tissues.
Fourth, the number of cells needed to promote recovery is a matter of debate. This issue impacts delivery methods given the volumes needed for adequate cell number. The numbers needed could exceed practical limits depending on the type of implant.
Fifth, how does transplantation modulate the response of the brain to ischemic injury including endogenous neurogenesis, synaptogenesis, angiogenesis, and inflammation? Inducing de novo neurogenesis may prove a more effective and safer therapeutic strategy to promote recovery from stroke rather than transplanting exogenous cells. 47 An attractive, yet purely speculative future goal may be the extraction of a stroke patient's own neural stem cells, expansion and support in vitro, and reimplantation to the ischemic brain.
CONCLUSIONS
Basic and clinical research in stroke neurotransplantation remains in a nascent stage. Much more work is needed to further characterize the biology of different implant sources both in vitro and in vivo. Initial clinical data suggests that transplantation is technically feasible and can be performed safely, but the data are too preliminary and insufficient to assess efficacy.
